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ENVELOPE IONIZATION MECHANISMS AND BW “ULPECULAE

Arthur N. Cox, Stephen W. Hodson, and Sean P. Clancy
Theoretical Division

Los Alamos National Laboratory, University of Califormia

ABSTRACT

Eavelope iomizatiom variations during the pulsations of B Cephei variables
are knowa to be insufficient to drive pulsations :in these stars in the presence
of strong deeper radiative damping. If a model can be found with smaller than
cormal damping, or larger than normal helium ioanization driving, then any inter-
@ittent core region driving will be more effective and will drive the pulsatioas
to a larger than normal amplitude. If the net damping is ¢o small then the de-
cay of these pulsations will also be slower :han normal. It is suggested that
increszsed envelope healium, which migat occu: by accretiom of matter from an
iaveolved companion, or as just self homogenizition, zives some helium ionization
driving and a smaller decay rare. Pertips BW Vulpeculae has cuch helium en-

riched surface layers which explain its unique large amplitude, even though the
helium lines do appear normal.

L. BASIC DATA FOR BW VUILDECULAE

BW Vul is a unique P Cephei wvariable due =0 i:s large ampiitude in light
and radial velocity variations. Wwhile it does show ampiitude variaticas (lhere-
wick and Toung 19°%), it may >e that i:s decay time is longer =han the two
reasonabiy well xmown cases, x Vi (Lomb 1278) azd 13 lac (Jarzebowski et il
1979).

TABIE I
HOMOGENEOUS CCMPCSITICN BW WUL2ECULAE “CCEL
11.5 4, 28,000 K 5.0 < 10° a3 s
7Y = 0,48 Cox-Hodson VIT) 2= ). 5
<central Inert 3all 1 = ) )a x=9.11 Z.L=113 =l o007 K
coavective Core \43 =z ), 13 0.5 X =).30 T2l WK

Last Mass 3 < (07 3 :ne aptxcal-v thi3.zone suts.ie photospnere rad:us

-, 9u X 1.0“ |

Mass Ratio 1.3l for <7 zcaes, 7,725 £5c L) zones .
T 2wriod J.202 4 13,201 ! sbgerved:; T Period J.l1e 1 37 leriod ).137 |
T Mode lecay Rate - 1.1 + 1) J n3 -
Trom oJbservations f The .umriao08.iv and the sjursice arfactive Tamperature,
1t seaem3 rsisunapo.ie <o mnodal .h.s dTar wWwizh L3 oM., 25,000 N, ad 2 Lumpa091ty
af B < 10” erg/s (1.3 <« 07 L '"e Tike zhe 2el.um nass Iractiom (YT o be

J.+8, 3 vailue that is possid. ? do0t unrezsouable 3 .ave accreced or a value
zesultiag <rom self homogeaizatica. Such 1 3W 'ul nodel with the usual con-



vective core (Y = 0.48 also) gives a period of 0.201 day exactly the obaserved
period. None of the adiabatic nonradial periods, which we feel should have the
same period to give the Qdell (1981) polarizatiom, have the F mode period and
therefore this model is not perfect from this viewpoiat.

The Watson (1971) abundance of helium for this star is Y = 0.25 £ 0.02.
One should probably not argue with this value, but it has been obtained for a T
3 23400 K and a log g = 3.81. For higher T perhaps a significantly larger %
will be needed to match the observed neunral helium lines. At any rate our mo-
del should be considered an extreme ome, calculated to minimize radiative damp-
ing 2nd maximize the pulsation amplitude and decay time.

A better model with the F and fz periods almost equal and the composition
profile nermal .s givea in Tzble II. The decay rate is now five times faster
giving a time scale of 5.5 years just as for a Vir.

TABLE II
INHOMOGENEOUS COMPOSITION BW VULPECULAE MODEL
11.5 M 26200K 5.87 x 10°7 erg/s

Y’ 2 0.28 (Cox-Davis VI) Y_= 0.68 (Stellingwerf f£it) 2 = 0.02 ever?Where
Central Inert Ball q=0§.05 x=20.07 L/L=0.89 T=30x10 ¥
Convective Core Surface (2/E_=0.1) q = 0.2§ =z =20.14 Ta=23 X710 K
W Gradient Shell Oyter Surface ¢ =0.39 x=0.16 T =16 x 10’ K
Last Zone Mass 8 x 107 g One opticallz thin zone outside photosphere radius
4.90 x 10" cm.

Mass Ratio 1.61 for 47 zones 0.722 for,l3 zones
F Yode Period 0.202 4 £" Period 0.207 d _, p; Period 0.137 d

F Mode Decay Rate =-1.0 x 10 /N

0
TABLE III
Saarch Parammtaras far d Cephei Yarigbility
(no convectiva :zote)
hIA T Range L. Range Composition Jsed
B ) _q W8 -

b}

3.0 22,000 - 22,000 X T xl0 King [Illa, Cax=Davig V1

” N

0.2 26,00 - 26,300 K « % 0 =7 =10 King tIla, Xing IVa, Aing Va, Cestae {, <aste I[{,
Casca 1Y, Casta Y, Com=Davis II, Cox=lavis 7L,
con=Hodmon 13, Cox=llodsen 7, Coumellodsun Y1, lag=doawun 10
14,0 22,000 - 26,000 X 7 x °’ sox=Tabar [, Casca I, Cox=Davis VI, con=Hudson I,
Lox=lledson ¥, cox=Hodmon V1, Cox=dudson V1I
1.0 71,200 - 26,000 k 3 x 0% - 107 %o la, Casce I, Casce 12D, Gon-davis :
Sur=0avie II
1.3 22,000 - 26,700 K ;w0 on-Oavie Y1

[ ]

ENVELOPE iCNIZATION MECHANISMS

"

Table III gives resul:s >f searca made to excite pulsacions ia 3 lepae:
variables. They add o the work of Javey (.971) who uised 1omog=neous :smpos:.-
tion envelopes. Parameter ranges :ia M, T _, L and composition ize givea, Zven
avrrmeme camrnomitions 2iven :a Tablie 7 4o ndr shov any lestabiiizat:.om.



TARLE IV

Mixture Compositiony

Nama X Y Z
Kippenhahn Ia 0.602 0.334 0.044
King IIIa .60 .38 .02
King IVa .70 .28 02
King Va .80 .18 .02
Castallani I .8 .1 1
Castallani II .6 .3 1
Castallani III .4 5 .1
Castellani IV .2 .7 .1
Castellmi 7 .0 9 1
Cox~Tabor I .5 N3 .1 (pure C)
Cox=Davis I 602 . 354 Q4b
Cox=Davis II .602 . 354 Qda
Cox-Davis IV . 801 . 199 .Q01
Cox-Davis T .70 .28 J2
Cox=-Hodson II .00 .98 N
Cox~Hodson V .30 .68 J2
Cox~4ndson VI . 40 .58 .02
Cox-Hodson VII Q.50 Q.43 J.23



Table V shows some detailed composition structures investigated. Each of
the 10 rows indicate a3.lconposir.ion structure with the fixed 4 = 14 Me, T =
26,000 K, and L = 7 x 10 erg/s. Of particular interest is the model in 5?5 8
where there is helium enrichment of Y = 0.60 to a depth where T = 7 x 10° K
While the model is still stable against pulsations as seen in the last columm,
and has a longer per ' agext to last columi) than usually observed, it has a
pulsation decay time . times longer than most B Cephei models.

TABLE V

14 N, 8 Cephet Models
24,000 X

7 x 10'" arg/e

{no convective core)

2o row o x vz L S LT no M3ty
0.70  0.28 0.0 10 060 0.3 o0.10 2210 0.6 0.90 0.06 0.237 -1 x10°°
0.70 0.20 0.10 10 o050 0.0 0.0 2210 0.08 0.90 0,04 0.236 -2.8 x 1073
0.50 0.8 0.02 10 o060 0.3 0.0 2210 .06 0,90 0,06 0.2¢8 L3 x 1073
2.5 0.40 0.10 10° 060 0.3 0.0 2210 G.06 0.90 0.04 0.237 -3 x 1073
0.40 0,40 0.20 10 o060 0.2 0.0 1210’ 0.06 030 0.06 0.238 -L.s x 10~
3.0 060 602 2 =100 0,40 0.58 0.02 2.06 x10° 0,62 0.3 0.02 0.237 2.1 x 10"}
3.30 0,60 0.10 08 os0 0.3 o.10 :xi0’ 0.06 050 0.00 0.2¢8 -1.2 x 1073
2.0 0.60 0.6 7 axi0® 070 0.2 o0.02 1xi0’ 0,06 090 0,04 0.33 -0 x107%
0,20 a1 02 2 x10® 26 02 002 2,06 x10° 0.2 290 0.06 0.238 -ny x 107}
927 a3 002 ¢ 0.s0 0.3 0.0 2x 10" 008 0.0 2.04 0.263 4.7 x 10"

All compositions use tha Stallingvact fic,

Extreme boundary conditions which are an attempt to mock up mass loss are
used for models described in Table VI. A reduction of the last mass zone o
iighten the outer layers, or a reduction of the acceleraticr due to gravity, 3,
cesults io structure changes that seem to jucrease stability. We aote that a
nearly companion also gives more coancemtrated structures and increased pulsation
stabilicy.

[iI. THE 3w VUL MODEL

A$ 11 extrsme case we 1ave coyanstructed a homogeneous compesition model
using =he Cox-Hodson VII mixture with ¥ = J.48. This structure, ia Table [ nav
not be ‘inusual because Coanti (private communication) suggests that perhaps e
wolf-Rayet gstars cccasionmally homogenize themselves o bring the »‘bserved CNO
¢ycle products to =he surface. [t is possible also that siow turbujence Jecay
in some cases ma; reach the osuter mass which aormally does aot have any mxiig.
Tn *har cace the etar homoeenizes :itsalf. ‘we are 20t able to get any smaller



decay rate and still match the observed BW Vul period unless we enrich the
surface Y to more than the interior, a strongly unstable u gradient.

TABLE VI
10 Hb_s Caphel Models

24,000 X

37

7 2 10°° erg/s

(no convective core)

Surface Condition Composition ‘ﬁ;(d) no(E'I)
-4

Ml /2 Cox=Davis VI (Q.2% -6.2 x 10

ast

A

H] t/& Cox=Davis VT 0Q.2% -6.2 x 10
+ -2

H,a’cla Cox-Davis VI 0.33 -3.0 x 10
- -5

g 0.8 to 25,000 R and x 0.9 to 40,000 K Ri=g Iila 0.78  -6.2 x 10
N e
g £ 0.6 co 25,000 R and x 0.8 co 40,000 K Riag ITIa 0.43 =2.9 x 10°°

-

adisbaciz pextod 0425

adiabacic perzod 0%66

The figure gives the work per zome %o drive pulsations in the homogeneous
model for the lowest order radial modes. As in all 3 Cephei 7ariables, there is
a net damping when considering esnvelope ionization mechanisms oanly. Each over-
tone decays 10 or mora times faster than the next lower mode, ziving -he radial
fuadamental the longest life of 4.8 x 10° periods or 26 years. Cne cian see that
chera is some helium ionization driving by the Stallingwer: (13773) rtechanism ia
Zonas &41-a8 (centered oo 150,000 X), but it clearly is overwhelmed by the ieep
damping as many others have :fouad especially for high Te.

[f onoe wants to increase the ilecay time of a free oscillation =or zhe h13h
amplitude 3% Yul wvariable 8 Cephei it is possible that :he star is homogenenus
and helium rich. Nota that this model s certaialy aot unlque or Jes:irabie, 1iad
a2 lower surfice helium 1ad hizher cure hel:um 13 more conventiosnal. [adeed .f

iorermittent core mixiag causes -he 3IW Vul pulsations there wouli have 15 He at
least some larger core helium tham 7 :he 2nvelope.

An expiaoation of the high ampiitude 3f 3W Vul with .4 -onveat.onal stzuc-
ture may be tiat there are simultaneously 2 modes T and £ it axactly tie same

period whose pulsativa amplitudes zeinlfocr=e each sther :a the iriviag.



BW Vulpeculae 25000K 11.5Mg 6.7Rg 15400L,
L 1 T T L v

s z"fﬂ%zs's L R R

Figure 1. The work per Zome to drive radial pulsations in the inhomogen~
eous BW Vul model. For this figure tha Stellingwerf (1975) fir for the
equation of state and opacity has Deen used to make the ~urves smoother.
The F curve has been multiplied by 10° and the lH by 10.

We nots that the decay time of 20U 7years iy not as long as observed in
light amplitude (Percy 1980) which decays only 5 perceat in 30 years giving aa
e-folding time of 580 years. It appears tiat BW Vul, aad all 8 Cephei vari-
ables, have occasional core mixing episodes which cause temporary driving of tae
pulsations and these nay occur when the previous excitation is still decaying.
A leok at cthe decailed amplitude hisztory of 3W Vul shows botia ipcreases ind de-
creases on our predicted <ime scales. (Zggen 1948 aad Cherewick and Toung
1975).
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